Abstract-All-optical inversion in single-mode vertical-cavity surface-emitting lasers (VCSELs) under single-and dual-polarized optical injection is numerically analyzed. For single optical injection, turn-on delay of the parallel polarized power and spikes of the orthogonally polarized power are similar to those found when gain-switching a multimode semiconductor laser. We consider two different methods for all-optical inversion using dual-polarized optical injection. In the first (second) method, pulses of orthogonally (parallel) polarized light and a CW parallel (orthogonally) polarized beam are injected into the VCSEL. Similar switching times and extinction ratios are obtained with both methods. Faster operation with any of these two methods is obtained than for single injection. We show that both types of dual optical injection produce all-optical inversion and all-optical gating with similar characteristics. All-optical gating and inversion are achieved for a 2.5 Gb/s NRZ signal.
I. INTRODUCTION
A LL-optical signal processing is expected to be a key technology in future photonic networks [1] - [3] . Verticalcavity surface-emitting lasers (VCSELs) are very promising devices for these applications because of low power consumption, low cost, on-wafer testing capabilities, high speed, ease of fabrication of 2-D arrays, circular output beam, and so on [3] . Nonlinear transfer functions can be obtained by using optical injection (OI) because it affects the transverse mode and polarization characteristics of VCSELs [3] . OI can induce transverse mode switching in VCSELs. All-optical inversion [4] and signal regeneration [5] have been obtained using transverse mode switching induced in a 1550-nm VCSEL. OI can also be used Manuscript received October 29, 2012; revised December 9, 2012; accepted December 13, 2012 . Date of publication December 20, 2012 ; date of current version May 13, 2013 . This work was supported by the Ministerio de Economía y Competitividad, Spain, under Project TEC2009-14581-C02-02.
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to obtain polarization switching (PS) of single transverse mode VCSELs [6] - [22] . The optical polarization of a single transverse mode VCSEL has two possible orthogonal linear states. PS and bistability are observed when using the so-called orthogonal OI configuration, in which linearly polarized light from a master laser is injected orthogonally into the linear polarization of the free-running VCSEL [6] - [22] . Different applications of PS, including all-optical signal regeneration [6] , flip-flop memories [7] - [10] , and optical inversion [11] , have been reported. PS obtained by OI is expected to be fast and thus suitable for application in all-optical signal-processing systems. All-optical inversion operation using PS in a 1.55-μm singlemode VCSEL subject to single optical injection with pulsed orthogonal polarization (SIPOP) has been recently demonstrated experimentally [12] . The parallel polarization acts as the output of the inverter. All-optical inversion has been obtained with a 2.5 Gb/s non-return-to-zero (NRZ) signals [12] . However, the output waveform is degraded by the relaxation oscillation of the VCSEL. Therefore, the switching speed of the VCSEL-based inverter is partly limited by the modulation bandwidth of the VCSEL. Moreover, the orthogonal polarization output shows unwanted spikes that degrade the response of the system for all-optical gating operation. No explanation about the origin of these peaks was given in [12] . It has been shown in edgeemitter lasers [23] that using two-frequency OI can reduce the effect of relaxation oscillations. In fact, very recent experiments in VCSELs subject to double polarized OI have demonstrated inversion with enhanced operation speed [13] . In this inversion scheme, pulses of parallel polarized light and a CW orthogonally polarized light are simultaneously injected into the VCSEL. In these experiments, the output of the inverter is given by the power of the orthogonal polarization. We will call this inversion method double optical injection with pulsed parallel polarization (DIPPP).
In this paper, we propose a new method for all-optical inversion using a single-mode VCSEL in which pulses of orthogonally polarized light and a CW parallel polarized light are simultaneously injected into the VCSEL. We will call this inversion scheme double optical injection with pulsed orthogonal polarization (DIPOP). In contrast to DIPPP, the output of the inverter is given by the power of the parallel polarization. First, a comparison between our new method and SIPOP is performed. Numerical simulations show that a faster time response is obtained with respect to the SIPOP method. The origin of the unwanted spikes of the orthogonal polarization output obtained in SIPOP is unveiled. Switching times of each linear polarization are obtained for different VCSEL bias currents and frequency detuning values, under single-and dual-polarized OI. All-optical inversion with a 2.5 Gb/s NRZ signal without unwanted spikes in the orthogonal (parallel) polarization output is achieved with DIPOP (DIPPP). Finally, a comparison between DIPOP and DIPPP is performed. Our theoretical analysis permits us to explain the reasons of the improved time response of both double injection schemes with respect to SIPOP. This paper is organized as follows. Section II gives a description of the theoretical model. In Section III, results obtained with SIPOP and DIPOP are presented and compared. Section IV is devoted to the comparison between DIPOP and DIPPP. Finally, in Section V, discussion and conclusions are presented.
II. THEORETICAL MODEL
Our rate equation model for the polarization of a VCSEL is based on the spin-flip model (SFM) [22] , [24] , [25] . The model equations are given by
where E x,y are the two linearly polarized slowly varying components of the field and N and n are two carrier variables. N accounts for the total population inversion between conduction and valence bands, while n is the difference between the population inversions for the spin-up and spin-down radiation channels. The internal VCSEL parameters are as follows: 
where I th is the threshold current, N t is the number of carriers at transparency, and N th is the carrier number at threshold. These parameters correspond to the VCSEL used in [12] . Fluctuations due to spontaneous emission (with a fraction of spontaneous emission photons that are coupled into the laser mode of β sp = 10 −4 ) are included in our calculations by ξ + (t) and ξ − −(t) (complex Gaussian noise terms of zero mean and time correlation are given by ξ i (t) ξ * j (t ) = 2δ ij δ(t-t )). The parameter values correspond to a commercial 1.5-μm VCSEL (Raycan) that emits in the same linear polarization (y or "parallel" polarization) over the whole bias current range. The subsidiary x or "orthogonal" polarization mode is shifted 0.49 nm to the long wavelength side of the lasing mode. Then, the angular frequency of the parallel polarized mode, ω y , is larger than that of the orthogonal linear polarization, ω x .
OI is characterized by E x inj (t), E y inj (t), Δω x , and Δω y . E x inj (t) (E y inj (t)) is the amplitude of the injected field in the orthogonal (parallel) polarization and Δω x (Δω y ) is defined as the difference between the angular frequency of the x-polarized (y-polarized) injected light, ω inj,x (ω inj,y ), and a reference angular frequency intermediate between those of the x and y linear polarizations, i.e., Δω x = ω inj,x -(ω x + ω y )/2 (Δω y = ω inj,y -(ω x + ω y )/2). Our choice of the strength of the input coupling is the same to that used in [24] . The input coupling coefficient coincides with κ for the ideal case of an effectively mode-matched injected input beam [24] .
Three different OI schemes are considered in this study. In the SIPOP, E x inj (t) is periodically and instantaneously changed between two constant values, E inj,x and 0, while E y inj (t) is always 0. In the DIPOP, a similar time dependence for E x inj (t) is considered but a nonzero constant value is taken for E y inj (t), i.e., E y inj (t) = E inj,y . In the third scheme, double optical injection with pulsed parallel polarization, DIPPP, a constant value is considered for the orthogonal injection field, E x inj (t) = E inj,x , while E y inj (t) is periodically and instantaneously changed between two constant values, E inj,y and 0.
Single OI is characterized by the frequency detuning Δν x between the x-polarized injected signal and the orthogonal polarization (Δν x = ν inj , x −ν x ) and by the value of E inj,x . Double OI is characterized by two frequency detunings, Δν x (Δν y ) between the x-(y-) polarized injected signal and the orthogonal (parallel) polarization, and by the values of E inj,x and E inj,y . Alternatively injection ratios P inj,x and P inj,y can be used. P inj,x and P inj,y are defined as the ratio of the x-and y-polarized injected power to the output power of the free-running VCSEL, respectively. To calculate P inj,x and P inj,y , a roundtrip time of 0.042 ps and a mirror reflectivity of 0.995 have been used.
III. ALL-OPTICAL INVERSION WITH SINGLE AND DOUBLE OPTICAL INJECTION WITH PULSED ORTHOGONAL POLARIZATION
We first analyze all-optical inversion using an SIPOP. We have integrated (1)-(4) by using the same numerical method for stochastic differential equations used in [26] with an integration time step of 0.01 ps. Fig. 1 shows, with solid black lines, the power of the orthogonal P x and parallel P y polarizations when a low-frequency periodic modulation (50 MHz) of the optical x-polarized input is applied. Left (right) column in Fig. 1 corresponds to the rise (fall) of the orthogonally polarized pulse. An injection ratio of P inj,x = −12.2 dB and a detuning of Δν x = −10 GHz have been considered. The parallel polarization provides an inverted copy of the input signal that is degraded by relaxation oscillations. Unwanted spikes in Fig. 1 (a) and (b) degrade the response of the system under step input pulses for all-optical gating and inversion, respectively. Fig. 1(d) shows that after the fall of the optical input at 200 ns a turn-on delay of 1.3 ns is obtained for P y . This delay limits the switching speed of the VCSEL-based inverter. Fig. 1(c) shows that the orthogonal polarization output also shows unwanted spikes that degrade the response of the system for all-optical gating operation. These results are in agreement with the experimental results in [4] . Also, experimental observation of similar turn-on delays has been obtained under injection of orthogonally polarized short pulses [14] .
The origin of the delay in the response of the parallel polarized power and of the spikes of the orthogonally polarized power can be understood with the help of Fig. 2 . In this figure, time traces of the polarized powers and of the total carrier density are shown during the fall of the orthogonally polarized input. Fig. 2 (a) and (b) shows the time traces corresponding to Fig. 1(c) and (d). Before the fall of the orthogonal OI input (t < 200 ns), the VCSEL is emitting in the orthogonal polarization and the constant value of N is near 0.8 due to the effect of that injection, a value clearly smaller than the steady-state value of N without OI, 1−γ a /κ [24] . After t = 200 ns, the disappearance of the orthogonal input causes the decrease of the orthogonal output power while N is smaller than its threshold value without OI. Time traces corresponding to a gain switching in which both polarization modes have similar gains but slightly different "effective losses" appear then for t > 200 ns. These "effective losses" include the linear dichroism parameter. They are κ + γ a and κ − γ a , for x-and y-polarizations, respectively. Relaxation oscillation peaks appear in the power of both polarizations before the steady state is reached. These peaks for both polarizations appear simultaneously when N abruptly decreases. Spikes of the orthogonally polarized power are then interpreted as the relaxation oscillation peaks that appear in the power of one mode of a gain-switched multimode semiconductor laser. Also, the delay in the response of the parallel polarized power is interpreted as the turn-on delay that appears in the response of one mode in a multimode semiconductor laser under gain switching. Fig. 2 (c) and (d) shows that the delay in the response of the parallel polarized power and the magnitude of the unwanted spikes in the orthogonally polarized power can be decreased if larger values of the injected power (P inj,x = −6.2 dB) are considered. This result is also in agreement with experimental results of [12] . The frequency of the relaxation oscillations appearing after the fall of the orthogonal OI input does not change with P inj,x because it only depends on the value of μ. The value of N at t = 200 ns is smaller in Fig. 2(d) than in Fig. 2(b) because E inj,x has increased. After t = 200 ns, the orthogonal output power in Fig. 2 (c) decreases more than in Fig. 2(a) because N has to recover from a smaller value. The power of both polarizations begins to be built from very small values in such a way that in a typical gain switching event the parallel polarization will take most of the optical power, decreasing also the delay in its response [see Fig. 2(c)] .
To analyze the dynamic behavior, we have calculated the turnon and turn-off times for both polarizations when the VCSEL is subject to a low-frequency periodic orthogonal input. The turnon (turn-off) time t on (t off ) is defined as the time at which the power increases (decreases) to 80% (20%) of the final (initial) value after the input signal changes. Fig. 3 shows t on and t off for both polarizations as a function of the bias current. Fig. 3(a) shows that both switching times are very small for the orthogonal polarization. For the parallel polarization, t off is always smaller than 100 ps, as it is shown in Fig. 3(b) . The main limitation for the operation speed of the optical inverter is due to the turn-on time of the parallel polarization mode. Values of t on for the parallel polarization above 500 ps are obtained for the whole bias current range. t on,y has two contributions, t on,y = t 1 + t 2 . The first one t 1 is the time that the power takes to reach a small threshold level, for instance 20% of the final value. This time is usually known as the turn-on delay or switch-on time [27] . The second contribution t 2 is the time that the power takes to go from that 20% to 80% of the final value. This is the time that has been measured in [12] . For small values of μ, t 1 t 2 and t on,y decreases with μ in a similar way to that found in a semiconductor laser under gain switching [27] . For large values of μ, the most important contribution to t on,y is given by t 2 , which increases with μ, as it was also found in the experiment [12] . An increase of t on,y is observed in Fig. 3(b) when μ > 2.8. An explanation of why t 2 increases with μ is now given. Fig. 3(c) and (d) shows the waveform of the parallel polarization for SIPOP during the fall of the orthogonal OI input for μ = 3.4 and μ = 3.6, respectively. Horizontal dashed lines represent 20 and 80% of the on-steady state levels used to find t 2 . Fig. 3(c) shows that both levels are crossed during the rising edge of the second pulse of the parallel polarized power. However, Fig. 3(d) shows that when increasing the pumping rate, the 20% level is crossed during the rising edge of the second pulse while the 80% level is crossed during the rising edge of the third pulse, producing in this way an increase in the value of t 2 . Fig. 3 also shows the extinction ratio for the x-(y-) polarization, ON/OFF x (ON/OFF y ), defined as the ratio between the high and low steady-state values of the x-(y-) polarized power. Fig. 3 shows that very high extinction ratios are obtained for We now study the DIPOP scheme in which a CW y-polarized injection with small power is added in the previous method. Results obtained with DIPOP for injection ratios of P inj,x = −12.2 dB, P inj,y = −23.7 dB and detunings of Δν x = −10 GHz, Δν y = −2 GHz are shown with solid red lines in Fig. 1 . When the VCSEL is subject to DIPOP, relaxation oscillations are drastically reduced. This effect was already shown in edge-emitting lasers for which two-frequency OI was shown to reduce the effect of relaxation oscillations [23] . The turn-on time of P y , t on,y , is reduced to 120 ps that results in a significantly enhanced operation speed. Fig. 1(d) shows that the CW y-polarized injection produces a constant appreciable value of P y for t < 200 ns. This value is small enough to produce a good extinction ration of 15 dB for P y , although this value is much smaller than those obtained for SIPOP. Fig. 1(a)-(c) shows that in the DIPOP scheme unwanted spikes do not appear in the orthogonal nor in the parallel polarization output.
Time traces of the polarized powers in a vertical logarithmic scale and of the total carrier density under DIPOP are shown in Fig. 4(a) and (b) . Parameters in Fig. 4(a) and (b) are those that are used in Fig. 2(c) and (d) with E inj,y = 0.08 and Δν y = −2 GHz in order to compare DIPOP and SIPOP schemes. We focus on the dynamical evolution after the fall of the orthogonally polarized input pulse (at t = 200 ns) since t on,y will be again the time that limits the speed of the all-optical inverter. Fig. 4(a) shows that before t = 200 ns the value of P y is much larger than the value shown in Fig. 2(c) due to the CW injection of y-polarized light. Also due to this injection the threshold carrier density (around 0.9) after t = 200 ns is smaller in Fig. 4 (b) than in Fig. 2(d) . These two facts combine in order to have shorter t on,y and reduced relaxation oscillations of P y in Fig. 4(a) and (b) . Fig. 4(a) also shows that the unwanted spikes of P x completely disappear when considering DIPOP. 5 shows t on , t off , and ON/OFF for both polarizations as a function of the bias current obtained with the DIPOP scheme. Fig. 5 shows that the trends and values of t on,x , t off ,x , and t off ,y are similar to those obtained with SIPOP (see Fig. 3 ). Both switching times are very small for the orthogonal polarization. For the parallel polarization, t off , y is always smaller than 100 ps. Again, the main limitation for the operation speed of the optical inverter is the longer turn-on time of the parallel polarization mode, t on,y . Fig. 5(b) shows that t on,y decreases with μ. Values of t on,y < 300 ps can be obtained if μ > 2.5. ON/OFF for both polarizations increases with μ. As was already discussed in connection with Fig. 1 , ON/OFF y ratios are smaller for DIPOP than for SIPOP. Fig. 5(b) shows that ON/OFF y can increase above 20 dB when μ > 2.6.
The dependence of t on , t off , and ON/OFF for both polarizations on the detuning Δν x is shown in Fig. 6 for μ = 2.5. t on,x , t off ,x , and t off ,y decreases, increases, and remains constant, respectively, with Δν x . Their values are smaller than 100 ps. t on,y decreases with Δν x in such a way that t on,y can be shorter than 150 ps when Δν x > 6 GHz. The value of the power of the parallel polarization before the fall of the OI input pulse [see Fig. 4 (a) ] increases as Δν x increases, leading to a smaller value of t on,y . However, the extinction ratio ON/OFF y decreases in this region. This improvement of the time response of the optical inverter when increasing Δν x is accompanied by the decrease of the extinction ratio. Fig. 7 . Turn-on (red squares), turn-off (black squares) time, and extinction ratio (blue squares) of (a) orthogonal and (b) parallel polarizations as a function of μ for DIPPP. The orthogonal OI parameters are E in j,x = 0.08, E in j,y = 0.6, Δν x = −2 GHz, and Δν y = −10 GHz. In this figure, μ = 2.5 .
IV. COMPARISON BETWEEN DOUBLE OIS WITH PULSED ORTHOGONAL AND PARALLEL POLARIZATION
We now consider the theoretical results corresponding to the experimental method proposed in [13] . In this method, DIPPP, an x-polarized CW beam is injected that induces PS to the x-polarization. A second y-polarized pulsed optical signal is injected near the free-running y-polarized mode of the VCSEL. If the injected power of this second signal is strong enough, the laser is locked to it and the x-polarization mode is suppressed. So with this method, we have an inverted signal in the orthogonal polarization with respect to the injection in the parallel polarization.
Time traces of the polarized powers in a vertical logarithmic scale and of the total carrier density under DIPPP are shown in Fig. 4(c) and (d) . Parameters in this section are similar to those in Section III but exchanging the values of E inj,x and E inj,y , and of Δν x and Δν y , in order to compare DIPPP and DIPOP schemes. In Fig. 4(c) and (d) , the y-polarized input pulse ends at t = 200 ns. Fig. 4(c) and (d) shows that before t = 200 ns the values of P x , P y , and N are rather similar to the corresponding values of P y , P x , and N , respectively, in Fig. 4(a) and (b) . Then, the dynamical evolution of the polarized powers and total carrier density for t > 200 ns are similar to those in Fig. 4(a) and (b) but changing P x by P y and P y by P x . Also, Fig. 4(c) shows that no spikes in the parallel polarization appear when considering DIPPP.
Similar dynamical evolutions for DIPPP and DIPOP suggest that t on , t off , and ON/OFF should also be analogous but exchanging results for x-and y-polarizations. In fact, this is the case as it is shown in Figs. 7 and 8 . Fig. 7 shows t on , t off , and ON/OFF for both polarizations as a function of μ obtained with the DIPPP scheme. Fig. 7(a) shows that the dependence on μ of t on,x , t off ,x and ON/OFF x is similar to that found for t on,y , t off ,y , and ON/OFF y , respectively, in Fig. 5(b) . The main limitation for the operation speed of the optical inverter using DIPPP is now the longer turn-on time of the orthogonal polarization mode, t on,x . Values of t on,x < 300 ps can be obtained if μ > 2.9. Fig. 7(a) shows that ON/OFF x can increase above 20 dB when μ > 2. Fig. 7(b) shows that t on,y and t off ,y increase with μ. Both t on,y and t off ,y are very small (below 25 ps) similarly to t on,x and t off ,x in Fig. 5(b) . Fig. 7 (b) also shows that ON/OFF y does not change with μ in contrast with the behavior shown for ON/OFF x in Fig. 5(a) . Fig. 8 shows t on , t off , and ON/OFF for both polarizations as a function of the detuning Δν y when DIPPP is considered. Again, results are similar to those found with DIPOP (see Fig. 6 ) but exchanging results for x-and y-polarizations. Fig. 8(a) shows that t on,x decreases with Δν y in such a way that t on,x can be shorter than 200 ps when Δν y > 8 GHz, but also the extinction ratio ON/OFF x decreases in this region. The value of the power of the orthogonal polarization before the fall of the OI input pulse [see Fig. 4(c) ] increases as Δν y increases, leading to the smaller values of t on,x observed in Fig. 8 . The growth of t off ,y with Δν y obtained with DIPPP for large values of Δν y is faster than that observed in Fig. 6(a) for t off ,x when using DIPOP. As with DIPOP, the improvement of the time response of the optical inverter when increasing Δν y is accompanied by the decrease of the extinction ratio.
We consider in Figs. 9 and 10 the response of the system under a 2.5 Gb/s NRZ input signal when using DIPOP and DIPPP, respectively. Fig. 9 shows that good waveform inversion is obtained for the parallel polarized power. Moreover, the orthogonal polarization can be used to obtain all-optical gating, because no spikes are obtained after the fall of the optical input. The parameters in Fig. 9 are equal to those used in Fig. 4(a) . ON/OFF y is much larger than that obtained under low-frequency modulation [around 20 dB for Fig. 4(a) ]. Under high-frequency modulation, the time elapsed during consecutive "0" input bits is not usually enough for P y to reach appreciable values. Only if a large number of consecutive "0" input bits is injected into the VCSEL, values of ON/OFF y around 20 dB would be obtained for the conditions in Fig. 9 . Fig. 10 shows that using DIPPP also produces good waveform inversion, but now for the orthogonally polarized power. Now the parallel polarization can be used to obtain all-optical gating, because no spikes are obtained after the fall of the optical input either. The parameters in Fig. 10 are equal to those used in Fig. 4(c) . The situation with respect to the extinction ratio ON/OFF x is similar to that discussed for Fig. 9 but changing y by x.
The sequence of input bits is the same in Figs. 9 and 10. The waveform of P y in Fig. 9 is very similar to that P x in Fig. 10 . The only difference between P x in Fig. 9 and P y in Fig. 10 is the appearance in this last figure of small dips in the large peaks that appear in P y . Results of Figs. 9 and 10 indicate that the performance of optical inverters and optical gates based on DIPOP is very similar to that obtained when using DIPPP.
V. DISCUSSION AND CONCLUSIONS
The comparison between Figs. 3 and 5 suggests that similar turn-on and turn-off times can be found in the SIPOP and DIPOP cases. However, this is not true for the total "response" time of the system, understood as the time needed for the system to achieve a constant steady state after switching, that is much smaller in the DIPOP case, as shown in Fig. 1 . To quantify this improvement, we have calculated the time needed for the system to achieve a constant steady state after switching τ for both polarizations. We have focused on the transition occurring after the fall of the orthogonal OI input because the main limiting factor for the operation of the inverter, the activation delay in Fig. 11 . Time needed to achieve a constant steady state of (a) orthogonal and (b) parallel polarizations after the fall of the orthogonal OI input as a function of μ for SIPOP (red squares) and DIPOP (black squares). In this figure, SIPOP is obtained with E in j,x = 0.6, Δν x = −10 GHz, and DIPOP also with E in j,y = 0.08 and Δν y = −2 GHz. the parallel polarization, occurs during this transition. We show in Fig. 11 that the time needed for the parallel (orthogonal) polarization to achieve a constant steady-state after switching τ on,y (τ off ,x ) is much smaller when using DIPOP than when using SIPOP. Fig. 11 clearly illustrates the improvement of the inverter performance with the addition of the second injected beam.
In this study, we have considered a situation in which rise and fall times of the injection pulses are much smaller than rise and fall times of the parallel and orthogonal polarizations. Then, the optical input pulses are characterized by instantaneous changes between two constant values. Consideration of finite values of rise and fall times of the injection pulses would be desirable to achieve a more realistic modeling of the system but it is beyond the scope of this study.
Experiments on DIPPP reported in [13] show that at the end of the duration of the parallel polarized input pulse, faster switching time between both polarizations is obtained with respect to the SIPOP case, in agreement with our theoretical results. Also, no significant dynamics were found in [13] associated with these switching transitions apart from very subtle relaxation oscillations in the recovery of the orthogonal polarization, also in agreement with Fig. 4 (c) of this manuscript. In our simulations, we also find that the arrival of the external parallel polarized pulse produces fast oscillations at the onset of the parallel polarization and a clean and fast suppression of the orthogonal polarization without associated dynamics, in agreement with [13] . Results reported in [13] show that an important limiting factor of the maximum achievable operation speed when using DIPPP is the time that is needed for the orthogonal polarization at the end of the external input signal to recover its previous value. This is also in agreement with results in Fig. 7 that show how t on,x is the longest of all the switching times appearing when DIPPP is considered.
In this study, we have numerically analyzed all-optical inversion in single-mode VCSELs subject to single-and dualpolarized OI. For single OI, we have explained the experimental results obtained in [12] : the delay in the response of the parallel polarized power is similar to the turn-on delay that appears in the power of one mode of a multimode semiconductor laser under gain switching. Also unwanted spikes obtained in the orthogonally polarized power correspond to the relaxation oscillations that appear when gain-switching a multimode semiconductor laser. Two different methods for all-optical inversion using dual polarized OI have been analyzed. In the first (second) method, pulses of orthogonally (parallel) polarized light and a CW parallel (orthogonally) polarized are injected in the single-mode VCSEL. We have shown that the use of either of these two methods significantly enhances operation speed with respect to the case of single orthogonally polarized OI. Under dual-polarized OI, no unwanted spikes appear in the orthogonal nor in the parallel polarization output. Similar switching times and extinction ratios have been obtained with the two dualinjection methods. Finally, we have shown that both methods produce all-optical inversion and all-optical gating with similar characteristics when a 2.5 Gb/s NRZ signal is applied to the VCSEL.
